Abstract -This work develops a theoretical model of field -------evaporation by constructing potential energy curves as explicit functions of electric field, charge transfer and distance from the electrical surface. Four separate contributions to the potential energy are considered : i) Electric field, ii) Image potential, iii) Electronic charge transfer and iv) Electronic binding. The final potential energy curve is formed by minimising the energy as a function of q for fixed F and z. This model suggests that the bonding point for a surface atom may be (0.58 from the image plane compared to r 1 . 3 8 calculated using a conventional charge exchange model.
INTRODUCTION I -
The aim of this paper is to present a simple model of field evaporation based on potential energy curves as a function of electric field strength, F, charge transfer from the field evaporating ion, q, and distance of the atom from the metal surface, z. This work adapts many of the ideas first proposed by Gomer /l/ and Gomer and Swanson /2/ and has been influenced by the extensive work of Forbes / 3 / .
The new aspects presented here are :
i)
The explicit inclusion of an electronic binding energy term for a field evaporating ion.
ii) The principle of minimising the potential energy of the system as a function of q at fixed F and z.
iii) The recognition of a "metal-insulator" transition as the ion moves away from the metal surface.
iv) The explicit inclusion of an electron transfer energy even for fractional charge transfers.
v)
A modified image potential expression close to the surface.
Atomic units are used throughout this paper.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986202
JOURNAL DE PHYSIQUE
The model p o t e n t i a l energy i s made up of 4 components :
i ) An e l e c t r i c f i e l d term, -qFz, where z i s measured from t h e image p l a n e of t h e m e t a l . The charge t r a n s f e r q , which i s n o t n e c e s s a r i l y an i n t e g r a l m u l t i p l e of t h e elementary c h a r g e , i s b e s t d e f i n e d by c o n s i d e r i n g t h e l o c a l d e n s i t y of e l e c t r o n i c s t a t e s on t h e f i e l d e v a p o r a t i n g i o n .
ii) An image p b t e n t i a l term, -q2/4z, which should be a c c e p t a b l y a c c u r a t e f o r z > lg. For s m a l l e r v a l u e s of z we u s e t h e work of Hedin f o r z < 0 , where V i s t h e ( n e g a t i v e ) b u l k v a l u e of t h e exchange and c o r r e l a t i o n p o t e n t ? g l and his t h e Thomas-Fermi wavevector. For v a l u e s of z between 0 and 1g we simply t a k e a l i n e a r i n t e r p o l a t i o n o f t h e p o t e n t i a l .
To a g r e e w i t h t h e Hedin and Lundqvist form we a l s o r e q u i r e t h a t t h e image p o t e n t i a l should be l e s s t h a n 2Vecq/3 (eq, 1 w i t h z = 0) i n t h e r e g i o n z > l A .
iii) An e l e c t r o n i c charge t r a n s f e r energy, VT, g i v e n by where I . i s t h e jth i o n i s a t i o n p o t e n t i a l and @ i s t h e work f u n c t i o n . For i n t J g r a l v a l u e s o f q eq. 2 reduces t o t h e f a m i l i a r
term o f t h e charge exchange model and f o r f r a c t i o n a l v a l u e 2 a3simple l i n e a r i n t e r p o l a t i o n i s made.
i v ) An e l e c t r o n i c b i n d i n g energy term, VB, g i v e n b y where m i s t h e number of v a l e n c e e l e c t r o n s on t h e f i e l d e v a p o r a t i n g atom i n i t s n e u t r a l s t a t e and V ( z ) i s t h e n e u t r a l atomic b i n d i n g energy curve. Again t h i s i s a gimple l i n e a r f u n c t i o n of charge t r a n s f e r reducing t o t h e f u l l atomic b i n d i n g energy when t h e r e i s no charge t r a n s f e r and t o z e r o i f a l l t h e v a l e n c e e l e c t r o n s a r e removed.
The Eorm o f V ( z ) can be chosen independently of o t h e r a s p e c t s of t h e model, s8me p o s s i b l y s u i t a b l e c h o i c e s i n c l u d e a )
A Lennard-Jones 6-12 p o t e n t i a l where /2 i s t h e atomic b i n d i n g e n e r g y , z, i s t h e p o s i t i o n of t h e "hard c o r e " r e l a t i v e t o t h e image p l a n e and za i s t h e p o s i t i o n of t h e minimum i n t h e atomic b i n d i n g energy curve.
b)
For the purposes of this paper we have used the Morse potential for V (2). In practice the choice of this potential does not make an iEportant difference to the results so long as three key parameters : depth of the potential well, position of the minimum of the well and curvature of well are chosen consistently. In this paper we take c, the parameter representing cutvature of the well in the Morse potential to be 1 in a.u. (1.94
) and za to be 2.5 a.u. (1.32 X)'.
Other parameters used here have well known tabulated values (eg, Tsong
The calculations are made from V(F,z,q) by finding the minimum as a function of q for fixed F and z in the spirit of the Born-Oppenheimer approximation. This occurs when (for z 5 18)
for n<q_tn+l. The right hand side of eq. (7) has a discontinuity at integer values of q and this may mean that eq. (7) has no solution.
In this case we note that b_v increases as a function of q at the bq discontinuity and can change from negative to positive at the discontinuity. This implies that an integral charge state is the lowest energy state and corresponds to the charge hopping model of field evaporation /6/. If eq. (7) does have a solution then a fractional value of q can give the lowest charge state and this corresponds to the charge draining model of field evaporation /6/. It is interesting to note that eq, (7) is most likely to be satisfied for small z, because the term -q/2z has a greater variation as a function of q for small z . This means that charge transfer for small z can be by charge draining, but for larger z is more likely to'be by charge hopping. This is generally consistent with a model of field evaporation consistent with a model of field evaporation consisting of initial field evaporation by a charge draining mechanism and subsequent post-ionisation by a charge hopping mechanism /7/. Indeed the model can display a transition from continuously varying q to integer values of q which is analogous to a metal insulator transition.
I11 -RESULTS
The results in fig. l show how potential energy curves vary with charge state. It is notable that at this bonding distance the potential energy minimum shifts downwards by 3eV from q = 0 to q = 1. The minimum energy state is q = 1 near the bonding distance with charge exchange (charge hopping) to q = 2 at point A and post-ionisation (charge exchange after the point of escape) to q = 3 at point B. In this particular case the point A is both the point of escape and the point of charge exchange, in the general case of this model these need not be the same point. Also in this case the minimum p.e. curve always has integral charge state, again this need not be true in general. Fig. 2 shows how the minimum p.e. curve, obtained by minimising V(F,z,q) as a function of q, changes with applied field. Similarly to fig. 1 the p.e. minimum shifts downwards as the field increases. For F = 2 V/Z the curve corresponds to q = 1 in the range shown and field
JOURNAL DE PHYSIQUE e v a p o r a t i o n , w i t h v e r y l a r g e a c t i v a t i o n energy, would o c c u r by a p r o c e s s s i m i l a r t o t h e image-hump model.

For F = 6 v/R t h e r e i s no a c t i v a t i o n b a r r i e r and t h e i o n simply e s c a p e s w i t h q = 2 changing t o q = 3 a t p o i n t C. I V -DISCUSSION
This model has a n o t a b l e weakness i n i t s o v e r -s i m p l i f i e d t r e a t m e n t of e l e c t r o n i c s t r u c t u r e e f f e c t s which a r e i n c l u d e d i n an "ad hoc" manner i n t e r m VB (eq.
) . T h i s weakness i m p l i e s t h a t t h e model i s n o t a good formal p l c t u r e of f i e l d e v a p o r a t i o n . However, t h e aim o f t h e paper i s t o p r e s e n t a simple model of f i e l d e v a p o r a t i o n and t h i s n e c e s s i t a t e s t h e u s e of a term such a s Vb.
The weakness i s a l s o p r e s e n t i n c o n v e n t i o n a l charge exchange models / 3 / and i s a r g u a b l y g r e a t e r a s e l e c t r o n i c b i n d i n g energy f o r i o n s i s ignored. t h e e f f e c t of i n c l u d i n g V i s t o cause a downwards s h i f t i n minimum p.e. w i t h i n c r e a s i n g F (Hig. 2 ) i f t h e bonding d i s t a n c e i s > 0.58. T h i s s h i f t would be o b s e r v a b l e i n appearance energy measurements, b u t h a s n o t been r e p o r t e d .
The a l t e r n a t i v e , a c c o r d i n g t o t h i s model, i s f o r t h e bonding p o i n t t o be w i t h i n 0 . 5 8 of t h e image p l a n e i n which c a s e t h e s h i f t i n minimum p.e. w i t h F i s s m a l l . Bonding t h i s c l o s e t o t h e image p l a n e i s c o n s i s t e n t w i t h t h e r e s u l t s of Lang and
Kohn / 7 / who f i n d t h a t t h e image p l a n e i s t y p i c a l l y 1 8 o u t s i d e t h e "hard-core" m e t a l s u r f a c e . F i g . 1 -P o t e n t i a l energy v e r s u s d i s t a n c e from t h e image p l a n e f o r d i f f e r e n t charge s t a t e s o f a W i o n . F i e l d s t r e n g t h i s 4 V/A.
Such a s m a l l bonding d i s t a n c e , however, i s n o t c o n s i st e n t w i t h t h e r e s u l t s of Forbes e t a l . / 8 / , though t h e i r d i s c u s s i o n of e l e c t r i c a l bonding d i s t a n c e does n o t appear t o f o l l o w c o n v e n t i o n a l s o l i d s t a t e t h e o r y . Due t o t h e u n c e r t a i n t y o v e r bonding d i s t a n c e t h a t t h i s model r a i s e s , it does n o t seem worthwhile a t t h i s s t a g e t o p r e s e n t c a l c u l a t e d e v a p o r a t i o n f i e l d s .
Although t h i s model s p e c i f i c a l l y a l l o w s f o r f r a c t i o n a l charge s t a t e s ( a s p r e v i o u s l y suggested by Regan e t a 1 / 9 / f o r t h e image hump model) t h e r e s u l t s do n o t show f r a c t i o n a l charges i n t h e minimum energy s t a t e , nor t h e a s s o c i a t e d charge d r a i n i n g mechanism. T h i s i s mainly due t o t h e l i n e a r i n t e r p o l a t i o n used f o r t h e e l e c t r o n charge t r a n s f e r energy (eq. 2) and i s n o t an e s s e n t i a l f e a t u r e of t h i s model.
The p o t e n t i a l energy used i n t h i s model does n o t i n c l u d e a p o l a r i s at i o n energy term which h a s always had a dubious p h y s i c a l b a s i s i n t h e charge exchange model. I n s t e a d " p o l a r i s a t i o n " e f f e c t s a r e i m p l i c i t l y i n c l u d e d i n t h e e l e c t r o n i c b i n d i n g energy term. The p o t e n t i a l energy t e n d s t o t h e known p h y s i c a l l y c o r r e c t e x p r e s s i o n s i n each of t h e l i m i t s F + 0 , z + oo and q + 0 , a p a r t from t h e absence o f an e x p l i c i t p o l a r i s a t i o n term.
T h i s model can be used t o d e r i v e important s u r f a c e atomic p a r a m e t e r s , such a s w e l l depth (binding e n e r g y ) , w e l l shape ( s u r f a c e atom v i b r at i o n frequency) and bonding d i s t a n c e , i n t h e same way a s t h e conv e n t i o n a l charge exchange model has been used /8,10/. The r e s u l t s however, w i l l be d i f f e r e n t and, indeed, s u b s t a n t i a l l y d i f f e r e n t i n t h e c a s e of bonding d i s t a n c e from t h e image p l a n e .
For a c o n f i d e n t d e t e r m i n a t i o n of t h e s e parameters e l e c t r o n i c s t r u c t u r e c a l c u l a t i o n s such a s t h a t of Tomanek e t a 1 /11/ may w e l l be r e q u i r e d . Though each e l e c t r o n i c s t r u c t u r e c a l c u l a t i o n i s o n l y r e l e v a n t t o a p a r t i c u l a r s u b s t r a t e and f i e l d e v a p o r a t i n g i o n , it a p p e a r s t h a t a " U n i v e r s a l Binding Energy Curve" method / 5 / could be adapted t o s c a l e t h e r e s u l t s o f one o r two e l e c t r o n i c s t r u c t u r e c a l c u l a t i o n s t o any combination o f s u b s t r a t e and f i e l d e v a p o r a t i n g i o n .
Distance (1) Fig. 2 -P o t e n t i a l energy v e r s u s d i s t a n c e from t h e image p l a n e f o r a W i o n a t v a r i o u s f i e l d s t r e n g t h s .
V -CONCLUSION
A s i m p l e model o f f i e l d e v a p o r a t i o n b a s e d on p o t e n t i a l e n e r g y c u r v e s h a s been p r e s e n t e d .
An a n a l y t i c a l e x p r e s s i o n f o r p o t e n t i a l energy a s a f u n c t i o n o f F , z and q h a s been d e r i v e d , from which e v a p o r a t i o n f i e l d s t r e n g t h and f i e l d and t e m p e r a t u r e dependence of e v a p o r a t i o n r a t e can be d e r i v e d . Although t h i s work i s o f a p r e l i m i n a r y n a t u r e it d o e s i n d i c a t e a weakness i n u s e of a c o n v e n t i o n a l c h a r g e exchange model t o e x t r a c t s u r f a c e a t o m i c p a r a m e t e r s ( s u c h a s w e l l d e p t h , bonding d i s t a n c e and w e l l c u r v a t u r e a t t h e minimum) from f i e l d e v a p o r a t i o n e x p e r i m e n t s . I t i s c l e a r t h a t such p a r a m e t e r s c a n , i n p r i n c i p l e , be e x t r a c t e d from f i e l d e v a p o r a t i o n e x p e r i m e n t a l r e s u l t s , b u t it a p p e a r s t h a t we d o n o t y e t have a s u f f i c i e n t l y good model o f t h e p r o c e s s t o c a l c u l a t e t h e s e i m p o r t a n t p a r a m e t e r s w i t h c o n f i d e n c e .
